Introduction
The 26S proteasome, composed of 19S and 20S components, is a multicatalytic complex responsible for degrading most intracellular proteins in eukaryotes. 1, 2 Ubiquitinated proteins are recognized by 19S regulatory caps and are digested into small peptides by the 20S proteasome. Three distinguishable proteolytic activities are localized to beta subunits present in the 20S proteasome and are classified as chymotrypsin-like, caspase-like, and trypsin-like. 3 Of these activities, the chymotrypsin-like activity is rate limiting 4 and has been targeted by bortezomib (Velcade, PS-341), which is currently the only proteasome inhibitor approved by the Food and Drug Administration. The rationale to target the proteasome in cancer cells stems from data indicating that malignant cells accumulate more misfolded/mutated/damaged proteins, which are disposed of by the proteasome: therefore, they are more dependent on proteasome activity. 5 Validation of this rationale has been provided by bortezomib, a boronic acid dipeptide proteasome inhibitor, currently in use for the treatment of refractory multiple myeloma and mantle cell lymphoma. [6] [7] [8] Furthermore, inhibition of the proteasome induces apoptosis and has antitumor effects in several types of cancer cell lines and xenograft models, such as prostate, 9 pancreatic, 10 lymphoma, 11 head and neck, 12 melanoma, 13 lung, 14 breast, 15 and leukemia. 16 However, the efficacy of bortezomib as a single agent in clinical trials for these malignancies has been restricted to specific disease subtypes. 17 Thus, a proteasome inhibitor with a different mode of action may be useful in tumor types where bortezomib did not demonstrate a therapeutic advantage. This study focuses on NPI-0052, which is currently in clinical trials at the University of Texas M. D. Anderson Cancer Center. NPI-0052 (salinosporamide A) 18 is an orally active, nonpeptide small molecule proteasome inhibitor derived from marine bacteria 19 . NPI-0052 structurally resembles omuralide, the active form of lactacystin, a potent and specific bacterially derived proteasome inhibitor that is not suitable for in vivo application in humans. 20 Besides structural differences, 21 NPI-heavily on a caspase-8-dependent pathway. We further show that caspase-8 participation is critical for synergy observed when NPI-0052 is combined with the HDACi (histone deacetylase inhibitors), MS-275, and valproic acid (VPA). This reliance on caspase-8 outlines yet another mechanism by which NPI-0052 may exert unique effects in leukemia cells.
Materials and methods

Cells
Jurkat, K562, ML-1, and I2. 
20S proteasome activity assay
The chymotrypsin-like, trypsin-like, and caspase-like activity of the 20S proteasome of leukemia cells was determined by measurement of fluorescence generated from the cleavage of the fluorogenic substrates suc-LLVYamc, boc-LRR-amc, and z-LLE-amc, respectively. 28 Cells were incubated for 1 hour in the presence of diluent or 1 M NPI-0052, washed with phosphate buffered saline (PBS) and resuspended in 300 L of a solution containing 20 mM Tris (tris(hydroxymethyl)aminomethane), pH 7.5, 0.1 mM EDTA (ethylenediaminetetraacetic acid), pH 8.0, 20% glycerol, 0.05% Nonidet-P40, 1 mM 2-␤ mercaptoethanol, 1 mM adenosine triphosphate (ATP) and lysed by freezing and thawing 3 times on dry ice. After centrifugation, supernatants were combined with substrate buffer (50 mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid], pH 7.5, 5 mM EGTA (ethylene glycol tetraacetic) acid pH 7) and the specific fluorogenic substrate in a 96-well plate and analyzed on a spectrofluorometer (SpectraMax Gemini EM, Molecular Devices, Sunnyvale, CA), using an excitation of 380 nm and an emission of 460 nm.
Western blotting
Cells (5-10 ϫ 10 6 ) were incubated with indicated concentrations of NPI-0052 and washed with PBS followed by lysing as previously described. 29 Aliquots of protein lysates (50 g) were run on sodium dodecyl sulfate (SDS)-polyacrylamide gels. Protein was transferred to nitrocellulose membranes and blocked either for 1 hour at room temperature or overnight at 4°C with 5% nonfat dry milk. Membranes were incubated with a 1:1000 dilution of primary antibodies in 5% milk/Tris-buffered saline with 0.05% Tween-20 (TBST), followed by corresponding secondary antibodies (1:1000 dilution with 5% milk/TBST). Bound antibodies were detected using enhanced chemiluminescence (ECL plus Western blotting detection system, Amersham Biosciences UK limited, Little Chalfont Buckinghamshire, England).
Assessment of DNA fragmentation
Apoptosis was assessed by propidium iodide (PI) staining followed by fluorescence-activated cell sorting (FACS) analysis as described previously. 27 Following incubation with different doses of NPI-0052 for 24 hours, cells were pelleted by centrifugation and resuspended with PBS containing 50 g/mL PI, 0.1% Triton-X-100, and 0.1% sodium citrate. Samples were stored at 4°C for 24 hours and vortexed before analysis on the FL-3 channel of a flow cytometer (FACSCalibur; Becton Dickinson; Franklin Lakes, NJ). Data were analyzed using Cell Quest Software (BD Bioscience).
Annexin V staining
Externalization of phosphatidylserine (PS) was measured by Annexin V-FITC staining according to the manufacturer's protocol. Briefly, 1 ϫ 10 6 cells were treated with indicated doses of NPI-0052 for 6 hours, washed twice in cold PBS, and resuspended in 1ϫ binding buffer (0.01 M HEPES, pH 7.4; 0.14 M NaCl; 2.5 mM CaCl 2 ) and incubated for 30 minutes in the dark at room temperature with 5 L Annexin V-FITC and 10 L of 50 g/mL PI. Samples were analyzed by flow cytometry.
In vivo studies
Eight-to twelve-week-old male CB.17/severe combined immunodeficiency disease (SCID) mice were purchased from Taconic Farms (Hudson, NY 
Detection of intracellular peroxides and superoxide
Measurements of intracellular ROS were determined by using cell-permeable dyes as previously described. 31 Pelleted cells were resuspended in 1 mL of RPMI medium containing either 10 M CM-H 2 DCF-DA or 10 M HEt (measuring intracellular peroxide and superoxide levels, respectively) and incubated at 37°C for 30 minutes in the dark. Fluorescence intensity was read by flow cytometry on the FL-1 (DCF) or FL-3 (HEt) channel.
Measurement of changes in mitochondrial membrane potential
Cells were pelleted, washed with PBS, and incubated with 25 nM TMRE in 10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl, and 1.8 mM CaCl, pH 7.4 in a volume of 1 mL for 30 minutes at 37°C in the dark. Cells were washed in PBS, and fluorescence intensity was analyzed on the FL-2 channel of a flow cytometer.
Statistical analyses
Values represent the mean 1 standard deviation (SD) around the mean from 3 separate studies performed in triplicate. Differences in groups were For personal use only. on April 14, 2017. by guest www.bloodjournal.org From assessed by using paired Student t test and were considered statistically significant at P Ͻ .05. For the experiments combining proteasome inhibitors and HDACi, synergism was determined using isobologram analysis based on the Chou and Talalay method with Calcusyn (Biosoft, Ferguson, MO) software program. 32 A combination index (CI) value higher than 1.0 indicates synergism: from 0.1 to 0.3 indicates strong synergism, and from 0.3 to 0.7 synergism. A CI ϭ 1.0 indicates additive effects. In vivo data were analyzed with linear regression to estimate the rate of change (ie, the slope of the regression line) of the WBC count over time for the mice treated with diluent or NPI-0052.
Results
NPI-0052 inhibits the 20S proteolytic activities in leukemia cells
To measure NPI-0052's effects on the proteolytic activities of the 20S proteasome in leukemia cells, we used cell lines representative of chronic myeloid leukemia (CML), ALL, and acute myeloid leukemia (AML) (K562, Jurkat, and ML-1, respectively). Cells were incubated with 1 M NPI-0052 for 1 hour, and the chymotrypsin-like, caspase-like, and trypsin-like activities were measured using distinct fluorogenic peptides. Figures 1A and 1B show that 1 M NPI-0052 inhibited the chymotrypsin-like and caspase-like activity by greater than 90% compared with diluent in the 3 leukemia cells lines, whereas the trypsin-like activity was inhibited to a lesser extent ( Figure 1C ). The accumulation of p27 ( Figure 1D ) and p21 (data not shown), both known proteasome protein substrates, 33, 34 in cells treated with NPI-0052 served as functional confirmation of proteasome inhibition.
Next, we compared the effects of NPI-0052 and bortezomib on the chymotrypsin-like and caspase-like activities. At the 1 M dose, NPI-0052 inhibited both the chymotrypsin-like and caspaselike activities more effectively than bortezomib (P ϭ .005 and P ϭ .019) in Jurkat cells ( Figure 1E ). To further characterize the ability of NPI-0052 to inhibit proteasome activities in comparison to bortezomib, dose-dependent effects of the 2 inhibitors were assessed ( Figure 1E, inset) . At the 200 nM dose, NPI-0052 was more effective than bortezomib at inhibiting the chymotrypsin-like, caspase-like, and trypsin-like activities in Jurkat cells.
NPI-0052 induces apoptotic cell death in vitro and in vivo
We next examined the cytotoxic effects of NPI-0052 in K562, Jurkat, and ML-1 cells. These cell lines were exposed to 1 nM-1 M NPI-0052 for 24 hours. NPI-0052 induced DNA fragmentation, which peaked at 200 nM, in a dose-dependent manner as measured by PI staining in the 3 leukemia cell lines (Figure 2A ). An increase of Annexin V-positive and PI-negative cells were detected after 6 hours of treatment with various doses of NPI-0052 (19.2% for 10 nM, 28.9% for 50 nM, and 28.7% for 200 nM) (Figure 2A , inset). Cells also were collected after 1 hour of exposure with NPI-0052 and analyzed for inhibition of chymotrypsin-like activity using these same doses. NPI-0052 doses that induced apoptosis also effectively inhibited the chymotrypsin-like activity in Jurkat cells ( Figure 2B ). Proteasome inhibition by NPI-0052 triggered apoptosis in a timedependent fashion, with maximum DNA fragmentation occurring at 24 hours ( Figure 2C ). At a lower dose (10 nM), NPI-0052 achieved significant proteasome inhibition but did not cause 
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DNA fragmentation. Analysis of phosphatidylserine exposure, an early apoptotic event, at the 10 nM dose, however, revealed that 19.2% of cells were Annexin V-positive. These findings indicate that higher doses of NPI-0052 are required to induce apoptosis than those needed to inhibit proteasome activity.
The ability of NPI-0052 to exert effects in vivo was examined by reconstituting SCID mice with ML-1 cells. Biweekly administration of 0.15 mg/kg NPI-0052 decreased tumor burden, as evidenced by lower total WBCs ( Figure 2D ) over the course of 5 weeks. Linear regression modeling of WBC over time found a difference in the y-intercepts of the regression lines (P ϭ .06), comparing mice administered NPI-0052 (n ϭ 6 with 9 observations) versus diluent (n ϭ 6 with 9 observations). It is worth noting that the slope of the regression line for the NPI-0052 group was negative (Ϫ0.0244) and the slope of the regression line for the control group was positive (0.0317), and that the 2 lines intersect on the first day of treatment (day 2).
Since DNA fragmentation is a consequence of caspase-3 activation, 35 we examined caspase-3 activity in response to NPI-0052
( Figure 3A) . Treatment with anti-Fas antibody (CH-11) served as a For personal use only. on April 14, 2017. by guest www.bloodjournal.org From positive control for caspase-3 activation. As shown in Figure 3A , 200 nM NPI-0052 increased caspase-3 activity by 4-fold as compared with control. Inhibition of caspases by a pan-caspase inhibitor, zVAD-fmk, attenuated the NPI-0052-induced caspase-3 activity. Furthermore, 10 M IETD-fmk, a caspase-8 inhibitor, abrogated caspase-3 activity by NPI-0052 (P Ͻ .001), whereas an equimolar dose of caspase-9 inhibitor, LEHD-fmk, did not. The combination of LEHD-fmk and staurosporine was used as a positive control to demonstrate the effectiveness of the caspase-9 inhibitor ( Figure 3A) . NPI-0052 induced caspase-3 activity in a time-dependent manner, beginning at 4 hours and plateauing at 8 hours ( Figure 3B ). Detection of 19-kDa and 17-kDa cleaved products by Western blot analysis ( Figure 3B inset) further confirmed caspase-3 activation by NPI-0052.
Caspase-8 activation by NPI-0052
To verify a role for caspase-8 activation as an early event in NPI-0052-induced cell death, we measured cleavage of caspase-8 in Jurkat cells ( Figure 3C ) over a 6 hour time period by immunoblotting. Exposure of Jurkat cells to 200 nM NPI-0052 caused activation of caspase-8 starting at 2 hours, indicated by the appearance of the 43-kDa and 41-kDa cleavage fragments.
The relative contributions of caspase-8 and caspase-9 on NPI-0052-induced apoptosis were assessed using peptide inhibitors. Jurkat cells were treated with 200 nM NPI-0052 alone or in combination with caspase-8 and caspase-9 inhibitors for 24 hours, and DNA fragmentation was assessed. When pretreated with a caspase-8 inhibitor, Jurkat cells were protected against NPI-0052-induced apoptosis in a statistically significant manner (P Ͻ .001), whereas a caspase-9 inhibitor did not confer protection ( Figure 3D ).
Bid is a proapoptotic BH-3 domain-containing member of the Bcl-2 family and is a substrate for caspase-8. 36 Exposure to 1 M NPI-0052 for 8 hours induced the cleavage of Bid ( Figure 3E ), generating a 15-kDa fragment, tBid, which can translocate to mitochondria. Thus, NPI-0052 is likely exerting its cytotoxic effects through a caspase-8-tBid-mitochondria-dependent pathway. Mitochondrial injury by NPI-0052 was evaluated by detecting drops in mitochondrial membrane potential (⌬⌿m). Reduction in TMRE fluorescence (indicative of loss of ⌬⌿m) by 56.74% was seen in Jurkat cells treated with 1 M NPI-0052 for 6 hours ( Figure  3F ). This drop in potential was not abrogated by an antioxidant, NAC. Staurosporine, a positive control, caused a 96.8% reduction in ⌬⌿m. These results support a model in which NPI-0052 causes caspase-8 activation, leading to Bid cleavage and mitochondrial perturbations.
Loss of mitochondrial membrane potential generally precedes cytochrome c release from mitochondria, which leads to caspase-9 activation in the cytosol. 37 Figure 3G shows the presence of cytochrome c in cytosol after 4 hours of NPI-0052 treatment but not in diluent-treated cells. Accordingly, levels of pro-caspase-9 were decreased in NPI-0052-treated cells, indicating activation of the zymogen ( Figure 3G ). Several reports indicate that proteasome inhibition causes increased ROS levels. 12, 16, 24 To determine if ROS levels are heightened by NPI-0052, Jurkat cells were treated with 200 nM NPI-0052 and stained with HEt or dichlorofluorescein (DCF). Monitoring ROS over time revealed strong increases in intracellular superoxide and hydrogen peroxide after 14 hours of exposure ( Figure 3H ). 
Requirement for caspase-8 in NPI-0052-induced apoptosis in leukemia cells
To Figure 4A ). Both of these cell lines showed significant inhibition of chymotrypsin-like proteasome activity after exposure to 1 M NPI-0052 (data not shown), indicating that caspase-8 and FADD are not required for NPI-0052 to inhibit the proteasome. Caspase-3 activity was assessed after NPI-0052 exposure in I2.1 and I9.2 cells. Caspase-8-and FADD-deficient cell lines moderately increased caspase-3 activity 3-fold, whereas wild-type Jurkat cells exhibited a 6-fold increase as compared with control ( Figure 4B ). Thus, caspase-8 and FADD mediate NPI-0052-induced caspase-3 activity.
The specific requirement for FADD in NPI-0052-induced apoptosis was further tested by transfection of wild-type FADD-GFP into the FADD-deficient I2.1 cells and subsequent treatment with 200 nM NPI-0052 ( Figure 4C ). In comparison to parental I2.1 cells, the FADD transfectants displayed higher levels of caspase-3 activity, and the difference was statistically significant (P Ͻ .05). As a positive control, we show that 200 ng/mL CH-11 induced DNA fragmentation in I2.1 FADD-GFP transfectants (53.27%) but not in the I2.1 cell line (4.99%) ( Figure 4C, inset) .
To place caspase-8 activation in the context of other biochemical apoptotic events, we examined alterations of ⌬⌿m in parental, caspase-8-deficient, and FADD-deficient Jurkat cells. Jurkat cells exposed to 200 nM NPI-0052 displayed a loss of ⌬⌿m as detected by TMRE staining and indicated by a shift of the histogram ( Figure  4D ). The caspase-8-and FADD-deficient, I9.2 and I2.1, cells did not display a drop in ⌬⌿m in the presence of NPI-0052. These data indicate that caspase-8 and FADD are required for NPI-0052 to cause mitochondrial perturbations.
Requirement for NPI-0052-induced ROS in cytotoxicity and proteasome inhibition
To test if increased levels of ROS by NPI-0052 contribute to apoptosis, Jurkat cells were treated with 200 nM NPI-0052 alone or in combination with the antioxidant, NAC. Figure 5A shows that an 8 hour exposure to NPI-0052 caused an increase in 
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caspase-3 activity that was attenuated 3-fold in the presence of NAC. Superoxide levels generated by 100 nM NPI-0052 were blunted in the presence of NAC (Figure 5A, inset) . Furthermore, the antioxidant conferred significant protection (P Ͻ .001) against NPI-0052-induced apoptosis as measured by DNA fragmentation ( Figure 5B) . Similarly, in mononuclear cells isolated from a Ph ϩ ALL patient, NAC also protected against cell death by NPI-0052 ( Figure 5C ).
Examination of proteasome activity in Jurkat cells revealed that protection by NAC was not due to interference with NPI-0052 effects on proteasome function ( Figure 5D ). In addition, Western blot analysis results demonstrate that NAC did not prevent caspase-8 or Bid cleavage in Jurkat cells treated with NPI-0052 ( Figure 5E and 3E) . Interestingly, neither pan-caspase inhibitors nor specific caspase-8 inhibitors inhibited superoxide production by NPI-0052 ( Figure 5F ). We also observed that NAC does not protect from alterations to mitochondrial membrane potential ( Figure 3F ). These results indicate that inhibition of the proteasome and increases in ROS by NPI-0052 are independent of caspase-8 and Bid activation and mitochondrial perturbations.
NPI-0052 interacts with HDACi to induce synergistic apoptosis
HDACi have been previously reported to synergistically interact with proteasome inhibitors to induce apoptosis. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From for the first time that combination of HDACi (either MS-275 or VPA) with low doses of NPI-0052 results in synergistic induction of apoptosis, and these effects are more potent than those seen when bortezomib is combined with the same agents.
Discussion
Recent studies have described the effects of NPI-0052 in myeloma cell lines and animal models, 21 and in primary chronic lymphocytic leukemia (CLL) cells. 40 Our work details NPI-0052's effects on proteasome activity and the apoptotic machinery in other hematologic malignancies, with a focus on ALL and AML model systems.
In the current study, we show that NPI-0052 inhibits all 3 activities associated with the 20S proteasome in leukemia cells ( Figure 1 ) and induces apoptosis in a variety of leukemia cells. Cells representative of ALL, CML, AML, as well as mononuclear cells from a Ph ϩ ALL patient, are sensitive to NPI-0052 (Figure 2A and 5C). In vivo administration of NPI-0052 also decreases tumor burden in leukemia-bearing mice ( Figure 2E ). Our data are in agreement with findings from recent studies in multiple myeloma 21 and CLL 40 and demonstrate a spectrum of activity that extends to numerous hematologic malignancies. Several unique features of NPI-0052 hint at the potential for efficacy in diseases where bortezomib has been less successful. Firstly, NPI-0052 inhibits the 20S proteolytic activities in leukemic cells to different degrees, blocking the chymotrypsin-like and caspase-like activities more effectively than the trypsin-like activity ( Figure 1A-C) . In addition, we found NPI-0052 to be more potent than bortezomib in inhibiting the rate-limiting activity of the proteasome ( Figure 1E ). Since others report that proteasome activities are allosterically regulated 4 and that inhibition of multiple sites of the proteasome is necessary to block significant protein degradation, 41 NPI-0052's pattern of inhibition may impact proteasome function. The mode of apoptosis induction by NPI-0052 also may be influenced by this unique differential inhibition of proteasome activities. Caspase-8 inhibition appears to be critical for NPI-0052's cytotoxicity, whereas caspase-9 inhibitors did not significantly protect against DNA fragmentation or caspase-3 activation ( Figure 3A,D) . Nevertheless, pro-enzyme caspase-9 disappearance is detected by Western blot (Figure 3G ), indicating activation of caspase-9 by NPI-0052. Since upstream caspases (caspase-8 in our case) can cause activation of other caspases, it is likely that the disappearance of pro-caspase-9 is via this mechanism. Our results further suggest that caspase-8 is activating caspase-9, since experiments using caspase-8 inhibitors, or ALL cell lines lacking caspase-8 or FADD, showed diminished mitochondrial perturbations, caspase-3 activity, and DNA fragmentation ( Figures 3A,D and 4B,D) . These results place caspase-8 at the apex of the apoptotic cascade triggered by NPI-0052 ( Figure 7 ). Our use of lymphocyte models with total caspase-8 and FADD deficiency extends and confirms data from multiple myeloma cell lines transfected with dominantnegative caspase-8, caspase-9, or FADD constructs. 21 Furthermore, our studies show Bid cleavage and mitochondrial perturbations by NPI-0052 in wild-type Jurkat cells, whereas caspase-8-and FADD-deficient Jurkat cells do not undergo mitochondrial potential drops ( Figure 4D ). These results clearly link NPI-0052 to caspase-8, causing cleavage of Bid, loss of mitochondrial membrane potential, cytochrome c release, caspase-9 activation, caspase-3 activation, and DNA fragmentation (Figure 7) .
The mechanism by which proteasome inhibition leads to caspase-8 activation is unclear. Cells lacking caspase-8 or FADD still exhibit proteasome inhibition after exposure to NPI-0052 (data not shown), ruling out the possibility that proteasome function may be modulated by caspase-8. In experiments conducted with other proteasome inhibitors, up-regulation of the death receptors, DR4 and DR5, was observed. [42] [43] [44] Decreased levels of cellular FLICE-inhibitory protein (cFLIP), which competes with and blocks caspase-8 activation, also have been documented in bortezomib-treated cells 45 and could allow caspase-8 activation to proceed unchecked. Although these experiments provide potential insight into our data, further studies need to be done to address activation of caspase-8 as a consequence of proteasome inhibition by NPI-0052. Recent work shows that bortezomib causes endoplasmic reticulum (ER) stress and apoptosis mediated by caspase-4. 26 NPI-0052 similarly causes caspase-4 activation in CLL cells. 40 However, a hierarchical ordering of activation of other caspases relative to caspase-4 was not conducted in that study, and our results indicate that caspase-4 inhibition does not affect NPI-0052 cytotoxicity in ALL cells (data not shown), pointing to cell type-dependent activities of proteasome inhibition. The antioxidant NAC conferred protection against NPI-0052-induced caspase-3 activity and apoptosis ( Figure 5A,B) . Furthermore, increased peroxide and superoxide levels are detectable after exposure to NPI-0052 ( Figure 3H ). Since caspase-8 activation proceeds in the presence of NAC ( Figure 5E ) and caspase-8 inhibitors do not affect NPI-0052's ability to raise intracellular superoxide levels ( Figure 5F ), these data place ROS alterations in a parallel pathway. Consistent with this model, NAC does not alter proteasome activity ( Figure 5D ). Several structurally dissimilar proteasome inhibitors are reported to cause elevated levels of intracellular superoxide and intracellular peroxides.
11,12,24, 46 The source of this oxidant production is of interest, since inhibition of ROS by NAC prevents cytotoxicity in numerous models. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Our results show for the first time that HDACi and low doses of novel proteasome inhibitor, NPI-0052, synergistically induce apoptosis in leukemic cells. This is in accordance with previous reports that show HDACi synergize with other proteasome inhibitors, namely bortezomib and MG132, to induce cell death. 39, 47, 48 We observed synergistic interactions in leukemia cells exposed to low doses of NPI-0052 and MS-275 or VPA (Figure 6 ), whereas in cells treated with bortezomib and HDACi, less synergistic and additive effects were observed with MS-275 and VPA, respectively ( Figure 6C,D, inset) . The mechanism by which NPI-0052 synergizes with HDACi still remains to be resolved. However, HDACi have been shown to raise intracellular ROS levels, 49 and our results indicate that the combination of NPI-0052 and MS-275 cause a further increase in superoxide than seen with either agent alone ( Figure 6B , inset). Thus, it is conceivable that this greater oxidative challenge may contribute to the synergistic effects. Our results also implicate caspase-8 in the synergistic apoptosis induced by NPI-0052 and MS-275 ( Figure 6B ). Our data reveal the potential of administering NPI-0052 at low doses (nontoxic) with HDACi, for clinical benefit. This is a promising finding, given the recent FDA approval of the HDACi vorinostat (Zolinza). Taken together, our data suggest that NPI-0052 is a potent proteasome inhibitor with potential therapeutic value in several hematologic malignancies. With NPI-0052 currently in clinical trials for refractory solid tumors and lymphoma, the present findings warrant consideration of testing efficacy in leukemia.
